Relativistic one-component ab initio core model potentials are presented for first-, second-, and third-row transition elements; corresponding valence spaces comprise the ns, (nϪ1)d, and (n Ϫ1)p shells. Direct relativistic effects on the valence electrons are explicitly taken into account by using one-component relativistic kinetic energy and Douglas-Kroll transformed no-pair nuclear attraction interaction operators. The Coulombic part of the atomic core-valence interaction has been fitted to the corresponding all-electron mean-field operators whereas a matrix representation has been chosen for the exchange part. While not involved in the fitting process, all-electron orbital energies and radial expectation values of the valence orbitals are very well reproduced in atomic model potential calculations. Molecular test calculations have been performed on selected transition metal oxides. Employing a ͓4s,4p,4d͔ contraction of the valence basis, excellent agreement between core model potential and all-electron no-pair results is achieved for bond distances, harmonic frequencies, and dissociation energies.
I. INTRODUCTION
The use of one-component relativistic core potentials has become a common means to include spin-independent kinematic relativistic effects in molecular calculations. In most cases these relativistic core potentials have been generated by parameterizing nonrelativistic effective valence Hamiltonians such that they-in a least squares sense-reproduce eigenvalues or eigenvectors of a one-component relativistic atomic reference calculation. In this way relativistic effects are included solely by means of the core-valence interaction. This approximation works reasonably well because a large percentage of the relativistic effects in the valence shell is caused indirectly by a change of inner shell energies and shapes. Often, large-component Dirac-Fock 1 orbitals have served as a reference to which the core potentials were fitted. Commonest in this group are the two-component relativistic effective potentials by Ermler, Ross, Christiansen, and coworkers, 2 from which averaged and spin-orbit relativistic effective potentials have been extracted. Alternatively, onecomponent relativistic Hamiltonians have been used in allelectron reference calculations. The pseudopotentials by Hay and Wadt, 3 Barthelat and Durand, 4 the effective core potentials by the Stuttgart group, 5 and the ab initio model potentials ͑AIMP͒ by Barandiarán and Seijo 6, 7 are well-known representatives of the latter derived from atomic Cowan-Griffin 8 calculations. Recently, Wittborn and Wahlgren presented relativistic AIMPs for third-row transition elements that include only the indirect relativistic effects in the core potentials. 9 Direct relativistic effects on the valence electrons are treated explicitly by using the relativistic kinetic energy and electronnuclear interaction expressions of the Douglas-Kroll ͑DK͒ Hamiltonian. The latter is a spin-free relativistic Hamiltonian resulting from a transformation of a four-component no-pair Hamiltonian containing projectors to the positive energy spectrum of an electron in the ͑external͒ field of a nucleus.
ments. The number of primitive functions to describe the valence region is considerably smaller than in the primitive sets used by Wittborn and Wahlgren for the third-series transition elements. 9 For all transition elements we compare valence orbital energies and radial expectation values from allelectron and AIMP atomic calculations to provide a quality check for the model potentials and valence basis sets. Molecular test calculations have been carried out for the electronic ground states of the group 5 and group 10 monoxides. A comparison of spectroscopic parameters obtained from either type of calculation enables us to decide whether the core-valence partition and the basis set structure have been properly chosen for molecular calculations or not.
II. METHOD A. All-electron spin-free Douglas-Kroll transformed no-pair Hamiltonian
The all-electron Hamiltonian used in this work is of the Douglas-Kroll type for the one-electron terms. 10 Following Samzow and Hess 13 who observed that relativistic corrections to the electron-electron interaction are of minor importance in the valence shell and may thus be neglected, the electron-electron interaction is described by the plain Coulomb interaction. For a molecule with nel electrons and NUC nuclei the Hamiltonian reads as
The first term,
represents the relativistic kinetic energy. The second accounts for the relativistically corrected interaction between nuclei and electrons,
Herein, V ext (i) describes the ͑nonrelativistic͒ Coulomb attraction between electron i and all nuclei, E i is the kinetic energy as defined above, and
are factors resulting from the Douglas-Kroll transformation. According to a proposal by Hess, these factors are evaluated in momentum space employing the primitive molecular basis to resolve the identity. 11 The same applies to W 1 s f (i) which represents an integral operator with kernel
This Hamiltonian is bounded from below 14 and may thus be employed in variational procedures.
B. Spin-free no-pair AIMP method
The spin-free no-pair model potential ͑MP͒ Hamiltonian for a molecule comprising nval valence electrons and NUC nuclei may be written as a sum of effective one-electron operators, the two-electron interactions in the valence space and the internuclear repulsion,
The 
͑12͒
with the core orbitals ( c ) expanded in the all-electron basis. The P I operators shift the core orbitals to positive energies (⑀ c ), that is to the virtual space, and give a positive contribution to a valence orbital energy as long as the corresponding orbital is not fully orthogonal to the core; in this way, the resulting valence orbitals have an overlap with the core orbitals as small as the basis set allows.
Like in all core potential methods, the internuclear repulsion is reduced to the interaction of two effective charges:
Atomic no-pair relativistic all-electron calculations were performed using the program AT35 16 . For the all-electron molecular calculations modified versions of either the MOLECULE-SWEDEN 17 or the MOLCAS 18 packages have been employed. AIMP integrals were computed using the ECPAIMP 19 code.
III. MODEL POTENTIALS, BASIS SETS, AND ATOMIC RESULTS
In this section we present model potentials and valence basis sets for the transition elements Sc-Hg. Further, we compare properties of valence orbitals obtained from AIMP and all-electron calculations on the atomic systems.
For the transition elements all-electron basis sets by Faegri 20,21 have been employed. The nonrelativistically optimized 16s11p8d Gaussian type functions ͑GTFs͒ for the first-row transition metals ͑TMs͒ and the 20s14p11d sets for the second-row elements have been used without changes; the relativistic shrinkage or expansion of the orbitals is taken into account through the contraction coefficients. Each basis set has been augmented by a diffuse d function required for a proper description of s 1 d xϩ1 and s 0 d xϩ2 configurations. Exponents for the first-and second-row elements were taken from the work of Hay 22 and Walch et al., 23 respectively. The third-row TM 22s16p13d8 f sets, on the other hand, were modified; for these elements the changes in orbital shapes, in particular, those of the valence orbitals, due to relativistic effects require an adjustment of the exponents: The two outermost s exponents were scaled by a factor of 1.4 and the subsequent two-describing the 5s node-by 1.25. Furthermore, two diffuse p, one d, and one f primitive were added according to the scheme described in detail by Wittborn and Wahlgren 9 giving rise to a total of 22s18p14d9 f primitive GTFs.
The orbitals obtained from relativistic atomic no-pair Hartree-Fock calculations serve as a reference for the construction of the Coulomb and exchange operators. In the AIMP calculations only the outermost ns, (nϪ1)p, and (n Ϫ1)d shells are treated explicitly. For all transition elements, with the exception of Pd, ground state wavefunctions have been generated. In the case of Pd the first excited s 1 d 9 state has been chosen because the d 10 ground state does not provide meaningful contraction coefficients for the outermost s shell. The parameters of the local Coulomb potentials for the two kinds of model potentials are presented in Tables  X-XII . 24 The exponents of the valence basis sets have been taken from earlier work, relativistically optimized in Cowan-Griffin Hartree-Fock calculations. 6, 7, 25 The valence basis sets of the transition elements were augmented by the same diffuse d functions as were the all-electron bases. Using these primitives, we have determined contraction coefficients in atomic relativistic no-pair CASSCF calculations with xϩ2 active electrons in the active ns and (nϪ1)d shells where x denotes the d shell occupation in an atomic configuration with a closed valence s shell. Exponents and contraction coefficients of the valence basis sets are shown in Tables XIII-XV . 24 The nonlocal spectral representation of the exchange operator is actually computed during the input processing step of the molecular calculations. Since the exchange operator is represented in the complete set of valence primitives a tabulation of the matrix elements of the exchange model potential V exch M P is not necessary. Core orbital energies ⑀ c and generalized contracted core orbitals required for the construction of the level shifting operators and for the calculation of the coefficients in the nonlocal representation of the exchange potential ͓Eq. ͑11͔͒ are given in Tables XVI-XVIII. 24 As a first check of the quality of the model potentials, we have computed properties of the atomic wavefunctions. In these cases we employed the basis sets in their completely uncontracted form. Energies ⑀ and radial expectation values (͗r Ϫ1 ͘, ͗r͘, and ͗r 2 ͒͘ of the valence orbitals obtained in AIMP-CASSCF calculations are compared with all-electron Hartree-Fock results in Tables I-VI. Note that neither the orbital energies nor the orbital shapes directly enter the fitting process. For most of the transition elements very good agreement is observed. At first glance, the results seem to be less satisfactory for some of the early elements. They turned out to be genuine multi-configuration cases as indicated in Tables I-VI by the weights of their main configurations. For test purposes we also carried out AIMP-HF calculations in these cases. The results show that the observed deviations between AIMP-CASSCF and AE-HF are not caused by an improper AIMP but are due to the different treatment of the valence shell. For the complete first-, second-, and third-row transition series ns and (nϪ1)d orbital energies from AIMP-HF and AE-HF calculations differ by less than 0.004 E H or 0.01 eV. Radial expectation values are of comparable quality. Particularly noteworthy is the good agreement of the 1/r expectation values since they are dominated by contributions from the inner region of the radial coordinate.
IV. MOLECULAR CALCULATIONS
Molecular test calculations have been performed for the oxides of groups 5 and 10. The oxygen basis comprise (10s5p2d) primitive functions contracted to ͓4s3 p2d͔ according to a Raffenetti scheme. 26, 27 Each of the TM basis sets described so far was augmented by a single p polarization function 28 and f polarization functions. The f polarization function added to the first-and second-row TM bases consists of a single contraction of three GTFs. 29 For the third-row transition elements the most diffuse primitive of the AE 4 f basis served as a polarization function. The corresponding AIMP basis sets have been augmented by a contraction of five primitive f functions to maintain the orthogonality of the valence shells to the 4 f core. 25 For a more flexible representation of the transition metal valence shells some of the most diffuse exponents in each Raffenetti contraction were added as primitives. The particular contraction scheme for the first-, second-, and third-row elements are apparent from Tables VII and VIII. Table VII displays equilibrium bond distances and harmonic frequencies of NiO obtained in AIMP-CASSCF calculations with various basis sets. If the full all-electron basis is retained in the AIMP calculations, i.e., if a ͓6s/4p/4d/1f ͔ contraction of the Faegri basis is used, only marginal deviations from the all-electron results occur. The third row in Table VII lists the values obtained from AIMP calculations in which the contractions representing the core orbitals have been deleted from the all-electron basis while the valence orbitals are left unchanged ͑Faegri ͓3s/3p/4d/1f ͔͒. In this case the results deteriorate markedly. The potential energy curve is too repulsive at short bond distances and too flat at large internuclear separations. The same is true for the corresponding ͓911/511/6111/3͔ contraction of the valence basis by Casarrubios. The origin of these problems is clear cut: Since the Coulomb and exchange potentials and the level The all-electron calculation at the no-pair Hartree-Fock level.
shifting operators are identical for different contractions of a given primitive basis, the errors must arise from an insufficient ability of the strongly contracted bases to keep the valence orbitals orthogonal to the core. The largest effect comes from the nonorthogonality w.r.t. the Ni 2 p core: Since the 2 p lobe of the Ni 3p orbital is represented by the three innermost GTFs, a considerable improvement is observed ͑line 5 in Table VII͒ by just altering the contraction scheme The all-electron calculation at the no-pair Hartree-Fock level. of the p primitives from ͓511͔ to ͓521͔ without changing the number of contracted p orbitals. The decontraction of the fourth p primitive rectifies most of the remaining error. If, in addition, the expansion coefficient of a further s function is allowed to float, the results become nearly identical to both the results in the completely uncontracted valence basis and the all-electron results. Summarizing, we find that an AIMP calculation employing a ͓4s/4p/4d/1f ͔ valence basis on Ni yields excellent agreement with all-electron results on NiO; if, for reasons of efficiency, a smaller basis has to be used, a ͓3s/3p/4d/1f ͔ set with contraction scheme ͓911/521/6111/3͔ still gives reasonable agreement.
In the following, all calculations for first-and secondrow TM oxides with AIMPs corresponding to ͓Mg͔ and ͓Zn͔ cores, respectively, have been carried out using a ͓4s/4p/4d/1f ͔ contraction of the valence basis. For the thirdrow element AIMPs with ͓Cd, 4 f ͔ core a ͓4s/4p/4d/2 f ͔ contraction has been employed. In order to make the comparison between AIMP and AE results more transparent, we have repeated the AE calculations with the decontracted primitives replaced by the corresponding GTFs from the AIMP valence basis. lems of the single determinant representation of the 3 ⌺ Ϫ state of PtO, we have carried out small CASSCF calculations for this state with six active electrons in the and Ј orbitals. Dissociation energies have been computed in a supermolecule approach i.e., as energy differences between ͑1͒ the molecular energies at equilibrium bond distance and ͑2͒ the energy of a high-spin state at the internuclear separation of 1000a 0 . The use of a super-molecule approach for the determination of dissociation energies is crucial for a balanced matrix representation of the momentum-dependent terms in the no-pair Hamiltonian ͓Eq. ͑3͔͒: Employing different resolutions of the identity for the molecule and the separated atom limit leads to completely unreasonable results.
Regarding bond distances, vibrational frequencies, and dissociation energies, excellent agreement between AIMP and AE results is observed for the late transition metal oxides. Equilibrium bond distances are reproduced by the AIMP treatment with deviations of less than 0.01 Å, and harmonic frequencies agree to within a few cm Ϫ1 ranging from complete agreement ͑best case͒ to 20 cm Ϫ1 ͑worst case͒. Dissociation energies differ by at most 0.07 eV. Somewhat larger errors are observed for the early transition metal oxides. Interestingly, the 4 ⌺ Ϫ states of VO and TaO which correlate with V 4 F g (4s 2 d 3 ) and O 3 P g in the separated atom limit are slightly overbound in the AIMP treatment; the overbinding is also apparent from the computed equilibrium bond distances which are too short. On the contrary the dissociation energy of the corresponding state in NbO which originates from O 3 P g and Nb in its 6 D g (5s 1 d 4 ) ground state is slightly underestimated. Several reasons may be thought of as being responsible for these deviations. The most obvious one is the neglect of the (nϪ1)s shell polarization which is known to play an important role in compounds of the early transition metals but which is not taken into account in the AIMPs with ͓Mg͔, ͓Zn͔, and ͓Cd, 4 f ͔ cores, respectively. A further approximation to be checked is the completeness of the matrix representation of the exchange operator ͓Eq. ͑11͔͒ and the relativistic kinematic factors ͓Eqs. ͑4͒ and ͑5͔͒. For this purpose we have constructed a set of small-core ͓͑Ne͔, ͓Ar, 3d͔, and ͓Kr, 4d, 4f ͔, respectively͒ AIMPs and corresponding basis sets. Technical details will be presented in a forthcoming publication. 32 Furthermore, we have designed a series of AIMP calculations with the intermediate bases ͉alm;I͘ augmented by a selection from the corresponding TM AE basis set. The latter type of basis set is denoted by the label aug.val in Table IX. Let us focus on the (nϪ1)s shell polarization effect first. Enlarging the valence space by including the (nϪ1)s shell has a marked effect only on the dissociation energies of the early transition metal oxides. In all cases D e is decreased 1,1,1,1,1,1,1/1,1,1,1,1,1/1,1,1,1,1,1 bringing the values for VO and TaO into better agreement with the AE values. For NbO, which already in the AIMP ͓Zn͔ calculation exhibits too small a dissociation energy the deviation is seemingly increased. The latter results point to a cancellation of errors in the NbO large-core calculation. The remaining errors are essentially removed by improving the matrix representation of the exchange and relativistic operators ͑entry aug.val in Table IX͒ .
V. CONCLUSIONS
In this work, we provide relativistic ab initio no-pair model potentials and valence basis sets for the transition elements Sc-Hg. A comparison of atomic properties obtained from AIMP Hartree-Fock and all-electron HF calculations shows that ns and (nϪ1)d valence orbital energies differ by less than 0.004 E H ͑0.01 eV͒ for the complete first-, second-, and third-row transition series. Radial expectation values are of comparable quality.
AIMP calculations on late TM oxides with ͓Mg͔, ͓Zn͔, and ͓Cd,4f͔ cores, respectively, and employing a ͓4s/4p/4d/1f ͔ contraction of the TM valence basis are in excellent agreement with all-electron results; if, for reasons of efficiency, a smaller basis has to be used, a ͓3s/3p/4d/1f ͔ contraction still gives reasonable agreement. The performance of the AIMP method is slightly less satisfactory for the early transition metal oxides, if the high accuracy of the results on the late TM oxides is taken as a reference. The deviations from the corresponding all-electron values fall, however, well in the range of other types of effective core potentials. It is shown that also in these cases the spectroscopic parameters can be brought into excellent agreement with the AE values, if the (nϪ1)s shell is included in the valence space and the intermediate basis sets-used for representing the exchange and no-pair operators-are improved.
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